a Petroleum sulfonates are broadly employed to increase the oil recovery efficiency in tertiary recovery, while the content of di-sulfonates in petroleum sulfonates is a critical factor in the flushing efficiency, because it adversely impacts the decrease of oil-water interfacial tension. Thus far, no methods have been considered convenient and reliable to determine the contents of mono-and di-sulfonates besides the traditional extraction method. This study established a simple and practical approach of acid-base titration coupled with traditional two-phase titration to measure the contents of mono-and di-sulfonates in petroleum sulfonates. To judge the reliability of the approach, the actives of petroleum sulfonates were separated into mono-and di-sulfonates using the traditional extraction method, the separation effect of which was confirmed using infrared spectroscopy and main elemental analysis. As the results demonstrated, all the contents of di-sulfonates in four petroleum sulfonates measured by the acid-base titration method are similar to those found by the extraction method. The contents of di-sulfonates (%) in four petroleum sulfonate samples were measured by comparing acid-base titration with the extraction method; respectively they were 8.57/8.19, 5.67/5.98, 5.61/5.35 and 2.37/2.15; the relative error of the measured di-sulfonates is about 6%, which satisfies the titration accuracy of petroleum sulfonates. In parallel experiments, the results of five acid-base titrations are very close, and the precision of the acid-base titration method was about 3%. Accordingly, this systematic approach by combining the new acid-base titration and traditional two-phase titration is of great significance to develop the evaluation system of petroleum sulfonates.
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Introduction
Crude oil, as a non-renewable resource, has currently faced depletion and huge differences between exploitable reserves and explored reserves. [1] [2] [3] [4] Oil exploitation can fall into three stages, i.e., primary, secondary and tertiary recovery. Aer the secondary recovery, 60-70% of the residual crude oil still remains in the ground and should be exploited using physical, chemical and other technical methods known as tertiary recovery.
5-9 Chemical ooding is the major method of tertiary recovery. Whether they serve as the main agent or as an accessory ingredient in chemical ooding, surfactants are indispensable for improving the recovery rate.
10-13 Petroleum sulfonates have become a hotspot of current surfactant research in tertiary oil recovery, by virtue of their low cost, good compatibility with crude oil, and excellent emulsifying ability.
14,15
Petroleum sulfonates originate from the sulfonation of aromatic crude oil distillate or furfural dewaxing oil distillate.
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The obtained crude products basically fall into four components, i.e., volatile components, inorganic salt, unsulfonated oil and actives. [17] [18] [19] Up to now, there are two main methods for evaluating petroleum sulfonates, one is the gravimetric method and the other is the two-phase titration method. 20, 21 Nevertheless, these two methods can only measure the contents of actives, while the contents of mono-and di-sulfonates in petroleum sulfonates cannot be accurately measured. For further evaluating the petroleum sulfonates, the actives of petroleum sulfonates are considered consisting of monosulfonates, di-sulfonates and poly-sulfonates; generally, the disulfonates and poly-sulfonates are collectively called disulfonates as the amount of poly-sulfonates is rather small.
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In petroleum sulfonates, mono-sulfonates play a major role in decreasing interfacial tension of oil-water. 23 On the contrary, disulfonates in petroleum sulfonate could adversely impact the decrease of interfacial tension of oil-water; also, it occupies the contents of the practical active substance in petroleum sulfonates, and then affects the oil displacement effect. 23 It is wellknown that the traditional extraction method can be used to directly separate and achieve the mono-and di-sulfonates from the petroleum sulfonates; 24 nevertheless, this method needs to take a large amount of time (3-4 days) to complete a whole separation process by using high-dose organic solvents. Additionally, HPLC is inappropriate for evaluating the petroleum sulfonates, because the standard sample as a reference is unavailable due to much more complex composition of petroleum sulfonates, though some studies reported that was applied for the detection of mono-and di-sulfonates. 25, 26 Accordingly, it is of great signicance to explore a rapid and pollution-free approach to ultimately determine the contents of mono-and di-sulfonates in petroleum sulfonates.
The interaction of two adjacent sulfonate radicals in a conjugated pi bond of di-sulfonates may decrease the acidity of the one of the sulfonate radicals; pH titration may serve as a very simple and rapid method to detect the contents of weak acid ions. In this work, the contents of di-sulfonates in petroleum sulfonates can be measured given that the pH change of the binary weak acid ions will be abrupt aer the rst complete hydrolysis. Then, the content of mono-sulfonates could be calculated by the difference between the contents of actives by traditional two-phase titration and di-sulfonates by acid-base titration. The approach of acid-base titration coupled with twophase titration gives a novel strategy to systematically evaluate the oil displacement performance of petroleum sulfonates by determining the contents of mono-and di-sulfonates in petroleum sulfonates.
Experimental

Instruments and reagents
The pH meter was manufactured by Leici company model PHS-3C, and a 5 mL microburette was employed. The infrared spectra of samples were performed using a fourier transform infrared (FTIR) spectrophotometer (Nicolet iS10, Thermo, USA). The elemental analyses of actives, mono-and di-sulfonates were measured by elemental analyzer (Vario MACRO cube, Elementar, Germany). The four petroleum sulfonate samples used in the experiments were offered by Daqing oileld in China, and they were marked as sample 1, sample 2, sample 3 and sample 4, respectively. All chemicals were used aer received with no further purication.
2.2 Acid-base titration of the separated mono-sulfonates, enriched di-sulfonates and untreated petroleum sulfonates
The pH meter was calibrated in a temperature-controlled water bath. Diluted hydrochloric acid solution with certain concentration (4.32 Â 10 À2 and 1.14 Â 10 À2 mol L À1 ) was employed to titrate the separated mono-sulfonates, enriched di-sulfonates and untreated petroleum sulfonates, respectively, by using a microburette. Aer each drop of titrant, the pH values were recorded when the pH meter was comparatively stable. Titration process was not terminated until the pH value was close to 3 when the di-sulfonates were basically titrated.
Two-phase titration of the contents of actives in petroleum sulfonates
5.00 mL mixed indicator (mass ratio of methylene blue and thymol blue is 21 : 1), 5.00 ml sodium sulfate acid solution and 15 mL dichloromethane were added to the 5.00 mL actives solution in a 250 mL conical ask. Aer each addition, the mixture was titrated with the Hyamine 1622 solution and shaken violently until a color change from bluish violet to bright yellowish green took place in the lower liquid. The volume of consumed Hyamine 1622 solution was recorded and the average molecular weight of the active substance was calculated by the formula.
Then the actives solution was changed into petroleum sulfonates solution, repeating the above steps, and calculated the contents of the active substances in the sample by the formula.
Among them, m -sample quality, g, V -the volume of sample solution, mL, C H -the concentration of Hyamine 1622 solution, mol L À1 , V H -the volume of Hyamine 1622 solution for titration, mL, V all -the total volume of the prepared sample solution, mL, M -average molecular weight of active substances, g mol À1 .
Separation of petroleum sulfonates
The separation process of petroleum sulfonates was presented in Fig. 1 . Petroleum sulfonate samples were heated to 120 C and maintained for several hours until the weight was constant. Aer cooling to ambient temperature, the non-volatile leovers were alternately washed with hot ethanol and petroleum ether until the color turned white to remove the insoluble inorganic salt, and the washing solution should be overall collected. Next, the obtained washing solution was dried to volatilize the organic solvents. Then, the desalination samples were dissolved with 50 mL mixed solvent (50% isopropanol/water, volume ratio), and transferred into a separatory funnel. The dissolved mixtures were repeatedly extracted with n-pentane until the supernatant turns into yellowish, and the lower liquid was collected. Then, the back extraction was performed. The actives appeared in the lower liquid, and the unsulfonated oil appeared in the upper liquid.
Finally, the obtained actives were extracted with 1 : 1 nbutanol/water, and the lower liquid was extracted continuously and repeatedly by the same extraction agent. The disulfonates appeared in the lower liquid and the monosulfonates appeared in the upper liquid.
Results and discussion
Separation and characterization of petroleum sulfonates
As presented in Fig. 1 , the mass fraction of each component of petroleum sulfonates was calculated, and the data are listed in Table 1 , and it suggests that the recovery rate of the total product surmounts 98%, which indicates that the crude separation is high in credibility.
27,28
To detect the structural property, infrared spectra of monosulfonates, di-sulfonates and active samples were determined with the same quality. Fig. 2 shows that the peaks at 1047 and 1195 cm À1 were symmetric stretching vibration and asymmetric stretching vibration of the S]O bond of sulfonate. The peaks close to 1458 cm À1 were an asymmetric deformation vibration and symmetric deformation vibration of -CH 3 . The peaks at 1635 cm À1 were stretching vibration for the C]C bond. The asymmetric stretching vibrations of -CH 2 -and -CH 3 were peaked at 2858 and 2937 cm À1 . As the results suggest, both the infrared spectra of actives, mono-sulfonates and di-sulfonates take on the characteristic peaks at 1047 and 1195 cm À1 of sulfonic acid groups, yet the intensity of characteristic peaks for di-sulfonates are obviously higher than that of monosulfonates. The intensity of di-sulfonates was almost 1.7 times that of mono-sulfonates at the characteristic peaks of sulfonic acid groups (1047 and 1195 cm À1 ). This suggests the effective separation of mono-and di-sulfonates.
To further conrm the effect of separation and enrichment, elemental analysis was employed to measure the contents of C, H and S in mono-sulfonates, di-sulfonates and actives, respectively. It is suggested that the element distribution of monosulfonates and actives is very similar, yet the relative contents of sulfur element in di-sulfonates is obviously higher than that of actives and mono-sulfonates. Both the results of infrared spectra and elemental analysis prove that mono-and disulfonates have been effectively separated ( Table 2) .
Acid-base titration of enriched di-sulfonates and separated mono-sulfonates
Petroleum sulfonates is sulfonated from aromatics crude oil distillate or furfural dewaxing oil distillate and neutralized with alkali. 29, 30 Most of petroleum sulfonate products have alkali residues, though neutralization technology and standards vary with producing area. On this cognitive basis and by analyzing the experimental data, the trend of the titration curve can be reasonably predicted. As presented in Fig. 3 , there were two obvious leaps appearing in the titration curve of the dilute hydrochloric acid with known concentration and enriched disulfonates from sample 1. Assume that the rst leap was attributed to the reaction between strong acid titrant and excessive strong alkali in petroleum sulfonates, and the second one was the end point of titration for either of two sulfonic acid groups in di-sulfonates. 31 Besides, to conrm the above speculation, appropriate amount of sodium hydroxide were added before the titration, and the result suggested that the sodium hydroxide was involved in the rst step of the reaction between highly acidic titrant and strong alkali. As presented in Fig. 4 , with the addition of titrant, the tendency of titration curve remained gradual decreasing under the reaction between the titrant and either of sulfonic acid groups in di-sulfonates. According to the titration curves, the pK a values of the disulfonates in different petroleum sulfonates are nearly 6, which just satises the condition of accurate titration (cK b > 10 À8 , that is pK a > 4). Thus the second leap was attributed to the effect of added titrant aer the complete reaction of the rst step hydrolysis. No obvious leap can be observed though another sulfonic acid group could form conjugate acid by hydrolysis. Thus, only one sulfonic acid group in di-sulfonates can be accurately titrated. Fig. 3B is the rst-order derivative of Fig. 3A , where the two minimal values of the rst derivative corresponding to the stoichiometric points. And the amount of the reacted part in the sample can be calculated by referencing the difference between the two minimal values. When the titrated di-sulfonates solution was at the middle of the two stoichiometric points (semimetering point), equivalent amount of salt and weak acid was ionized, i.e., the amount of A 2À ion were the same as that of HA À presenting in the solution when pK a 2 ¼ pH. Accordingly, the pK a 2 value of the di-sulfonates in the sample can be acquired from the semi-metering point as above. Fig . 3 Acid-base titration curve and differential graph of enriched di-sulfonates from sample 1. 
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The content of di-sulfonates in enriched di-sulfonates samples could be calculated by the follow formula. Therefore, the calculated contents of di-sulfonates in enriched di-sulfonates samples was 85.75%, which directly suggests that di-sulfonates have been effectively enriched. Fig. 5 shows that the titration curve of mono-sulfonates by acid-base titration from sample 1, which displayed merely one jump under the same titration conditions. Thus, the contents of mono-sulfonates cannot be measured by acid-base titration, which could dissatisfy the condition with obvious jump (cK b > 10 À8 ) and the isolated mono-sulfonates had high purity with just a few di-sulfonates.
Acid-base titration of di-sulfonates with three different additives
Various amounts of unsulfonated oil, mono-sulfonates and inorganic salt were added into the solution of the enriched disulfonates from sample 1. Also, to judge whether the existence of those components has observable impacted on the acid-base titration method, the titration process was repeated. Unsulfonated oil was added to the di-sulfonates solution, and then it fell into two phases instantly with no distribution of the unsulfonated oil in the water phase. As a result, the titration process was not affected.
As listed in Table 3 , the contents of titrant and di-sulfonates in the titration system were respectively 4.32 Â 10 À2 mol L À1 and 6.11 g L À1 (10 mL), and the mass ratios of mono-sulfonates to di-sulfonates were nearly 1 : 5, 1 : 1 and 2 : 1, respectively. Aer the addition of a certain proportion of mono-sulfonates, the consumption of dilute hydrochloric acid titrant remained unchanged, thus suggesting that the mono-sulfonates did not inuence the titration of the di-sulfonates within a certain range. The main ions in petroleum sulfonates primarily included Na + , SO 4
2À
, Cl À and very small amounts of Ca 2+ , Mg
2+
and NO 3 À , thus Na 2 SO 4 and NaCl were selected in a mass ratio of 10 : 1 as the representatives to investigate the effect of the different amounts of inorganic salt on the titration of disulfonates. The contents of di-sulfonates in the titration system remained 6.11 g L À1 (10 mL), and the mass ratio of inorganic salt to enriched di-sulfonates was nearly 1 : 5, 1 : 1 and 2 : 1. Similarly, the consumption of titrant has hardly changed.
Parallel experiments of di-sulfonates by acid-base titration
Take the sample 1 as an example. A sample solution with a concentration of 12.57 g L À1 was prepared. Take 10 mL of it, use hydrochloric acid (1.14 Â 10 À2 mol L À1 ) as a titrant, repeat the titration procedure ve times, and draw the curve of the pH of sample solution changing with the titrant volume as presented in Fig. 6 . Aer the differential calculus of the curve, the subtraction of the two titrant volumes corresponding to the minimum differential value was calculated; the calculated value is the consumed titrant of di-sulfonates in the petroleum sulfonate samples solution. The results are as listed in Table 4 , the average content measured by titration reaches 8.58%, and the relative standard deviation (RSD) of ve titrations is 2.9%. It is accordingly suggested that the precision of parallel experiments is minor and acceptable, thus proving that the acid-base titration method has high reproducibility. The possible causes of the experimental errors are as follows: (1) the carbon dioxide in the air may participate in the reaction as a weak acid. Thus the containers were sealed with sealing lm, to ultimately eliminate the effect of carbon dioxide to the greatest extent. (2) As the equivalent point cannot be predicted accurately, and the titrant can be merely added at a constant speed during the titration. Accordingly, there may be an error of half a drop in the titrant volume corresponding to the leaps, yet the error can be eliminated by parallel experiment.
3.5 Acid-base titration and two-phase titration of four petroleum sulfonates
As shown in Fig. 7 , the tendency of the titration curves for four petroleum sulfonate samples were similar to that of disulfonates. The pH values corresponding to the semi-metering point were the pK a 2 values. On the occasion of sample 4 in Fig. 7D , appropriate amounts of NaOH were added before the titration to adjust the pH to 10 or so since the original environment of the solution is acidic.
The percentage contents of di-sulfonates of four petroleum sulfonate samples were measured using acid-base titration and extraction method, respectively. The contents of disulfonates (the average molecular weight was taken as 550 g mol À1 ) and the corresponding pK a 2 values of four petroleum sulfonates were obtained by conducting differential calculation, as listed in Table 5 . Obviously, the relative errors of measured di-sulfonates in four petroleum sulfonate samples were 4.64%, À5.18%, 4.86% and 10.23%, respectively. Sample 1 had the highest contents of di-sulfonates and complied with the characteristic titration curve of weak acid, while sample 4 had the lowest contents of di-sulfonates, and the pK a 2 value was much lower than that of the other three ones. This may be attributed to the rather low contents of di-sulfonates in sample 4, and the small titration volume consequently increases the titration error. The contents of actives measured by two-phase titration were 26.59%, 23.66%, 35.73% and 25.07%, respectively. Furthermore, the contents of mono-sulfonates in four petroleum sulfonates can be calculated by the difference between the contents of actives via two-phase titration and disulfonates via acid-base titration, respectively were 18.02%, 17.99%, 30.12% and 22.70%. In sample 3 and 4, the content of mono-sulfonates was almost 6 and 10 times that of disulfonates, respectively. More mono-sulfonates will be favorable for EOR (enhanced oil recovery), due to mono-sulfonates in petroleum sulfonates play a major role in decreasing interfacial tension of oil-water.
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Accordingly, both the contents of mono-and di-sulfonates in petroleum sulfonates can be estimated by the approach of the acid-base titration coupled with two-phase titration.
Conclusion
In conclusion, the results show that the contents of the monoand di-sulfonates in petroleum sulfonates could be successfully measured by the novel method of acid-base titration coupled with traditional two-phase titration. The relative error of measured di-sulfonates was about 6% by comparing the acidbase titration with extraction method, which satises the titration accuracy of petroleum sulfonates. Additionally, there was no impact on the acid-base titration of di-sulfonates with the addition of unsulfonated oil, mono-sulfonates and inorganic salt; the precision of the acid-base titration method was also determined by parallel experiments about 3%, which suggests that it has a high reproducibility. Accordingly, this study established a systematic, less cost and high universality approach to measure the contents of mono-and di-sulfonates in petroleum sulfonates.
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